A dataset consisting of 165 contemporary foraminiferal samples and associated tide level information was compiled by combining data from ten intertidal study areas situated on the east, south and west coasts of the UK. The relationship between the foraminiferal data and a series of environmental variables (elevation, pH, salinity, substrate and vegetation cover) are examined using canonical correspondence analysis (CCA) and partial CCA. To facilitate comparisons between study areas with different tidal ranges, the elevational data are expressed as a standardised water level index (SWLI). The foraminiferal distributions show a strong and highly statistically significant relationship with SWLI. A predictive transfer function has been developed for SWLIs using weighted averaging calibration with inverse and classical deshrinking regression (inverse r 2 jack ‫؍‬ 0.74; classical r 2 jack ‫؍‬ 0.75). Statistical measures assessing the performance of this model suggest that reliable reconstructions of former sea levels are possible. The transfer function has important implications for establishing continuous records of relative sea-level change or sedimentation.
INTRODUCTION
Interpretation of the geological record is a key part of understanding the earth's environment. Accurate knowledge of relative sea-level (RSL) change is relevant to a wide variety of regional and global environmental studies, including coastal evolution, ice-sheet history and global circulation models, and for practical matters related to coastal engineering and global environmental management. One of the best records of RSL change comes from microfossil data (e.g. diatoms, foraminifera and pollen) contained in a range of Holocene sedimentary deposits. During the past 50 years, microfossil data have been used as sea-level indicators to reconstruct former sea levels for the UK, Europe and elsewhere (e.g. Shennan, and others, 1996) , and have been the primary source of data for developing and testing models of RSL (e.g. Lambeck, 1995) . Regardless of their application however, these microfossil data and their associated RSL reconstructions are all subject to fundamental errors associated with the precise determination of age and elevation.
One major source of elevational error is introduced when attempting to quantify the indicative meaning (Fig. 1) . The indicative meaning of a sea-level indicator describes the vertical relationship between the local environment in which it accumulated and a contemporaneous reference tide level (Shennan, 1982 (Shennan, , 1986 van de Plassche, 1986) . It is defined in terms of the modern vertical range occupied by the sealevel indicator (the indicative range) measured relative to a given tide level (the reference water level) such as mean high water spring tide (MHWST). Since sea-level trends are seldom inferred from a single type of dated material, differences in their indicative meanings must be considered when compiling data to reconstruct vertical movements of RSL. Despite this, sea-level reconstructions based on microfossil assemblages (e.g. foraminifera, diatoms and pollen) have been constrained by the general lack of progress on the contemporary relationship between relative sea level, environmental conditions and the succession and seasonal variations of plants and microfossils (Tooley, 1978; Allen, 1995 Allen, , 1997 French and others, 1995; Horton, 1997) .
Pollen and diatom assemblages are the most commonly used sea-level indicators and are frequently used to infer paleoenvironmental conditions. Although these indicators are employed in both North American and European studies, the use of foraminifera has become increasingly important because of their potential to quantify the indicative meaning. Medioli (1978, 1986) stated that assemblages of agglutinated saltmarsh foraminifera are the most accurate sea-level indicators on temperate coastlines and that the assemblages exhibit a strong correlation with elevation above mean sea level (MSL). Furthermore, foraminiferal assemblages are well preserved, easily detectable and occur in high numbers (100 to 200 tests per cm 3 ) in both contemporary and fossil deposits, thereby providing a good statistical base for paleoenvironmental interpretations.
Foraminifera have been applied mainly to reconstruct RSL by considering the changes in composition of assemblages of different salinity preferences (Shennan and others, 1996) . In the last few years, these techniques have been used to evaluate earthquake-induced coseismic subsidence (Guilbault, 1995 (Guilbault, , 1996 , magnitude of tsunami waves (Shennan and others, 1998 in press) and small-scale changes in sea level (Thomas and Varekamp, 1991; Varekamp and others, 1992; Nydick and others, 1995; de Rijk and Troelstra, 1997; Edwards, 1998) . Clearly, the quality of these studies relies upon the accuracy and precision of sea-level reconstruction, and can be enhanced by a better understanding of the relationship between foraminiferal assemblages and elevation relative to the tidal frame.
To rectify the above and develop a new generation of high resolution sea-level reconstructions we need to quantify the relationship between foraminifera and elevation. For a transfer function to be developed for elevation, the variable should explain a significant part of the total variation of the foraminiferal data. Therefore, the objectives of this study are as follows:
(1) To elucidate the relationship between contemporary foraminiferal distributions and elevation from four study areas (Cowpen, Welwick, Thornham and Brancaster marshes). Elevational data from study areas which have different tidal ranges are expressed as a standardised water level index (SWLI);
(2) To produce a transfer function that is appropriate for determining the indicative meaning from a range of Holocene sedimentary deposits. The dataset is enlarged to include data collected from six other UK coastal study areas. The transfer function is applied to a down-core sediment sequence from Theddlethorpe, UK.
STUDY AREAS
Ten contemporary intertidal environments were selected from the east, south and west coasts of the UK. Investigations were carried out from 1993 to 1997 and were supported by a number of research grants. The study areas chosen cover a broad range of environments, different geographical settings and tidal ranges from around the UK coastline. They are located within estuaries, in the shelter of spits, in association with offshore bars or islands and protected bays, and develop on submerging, stable or emerging shorelines (Horton and others, in press ). The location and general features of the six sites are shown in Figure 2 and Table 1 , respectively. The description of the vascular vegetation zones are illustrated in Table 2 (following Horton, 1997) .
MATERIALS AND METHODS
Foraminiferal and environmental samples were collected from cross-marsh transacts covering tidal flat to high marsh, close to or above the local highest astronomical tide (HAT) at each study area. The sample stations were placed at marked changes in topography and encompass a wide variety of ecological communities. All stations were levelled to Ordnance Datum (Newlyn-the UK national levelling datum) using a level and staff. Two samples were collected at each station: one sample of approximately 10 cm 3 volume (10 cm 2 surface sample by 1 cm thick) for foraminiferal analysis; and a second sample of approximately 30 cm 3 volume (30 cm 2 surface sample by 1 cm thick) for environmental analysis. It was assumed that infaunal foraminifera did not significantly hinder paleoenvironmental interpretations based upon a 1 cm surface slice (Goldstein, 1988; Goldstein and Harben, 1993) . Statistical analyses by Horton (1997) have shown that the intertidal foraminifera of Cow- The silt substrate of these marshes prevents significant penetration of the subsurface and does not allow deep infaunal foraminifera (Horton, 1997) . Cowpen Marsh was sampled at approximately two-weekly intervals for a twelve-month period. Welwick, Brancaster, Thornham and Brancaster marshes were sampled four times during a twelve-month period (once in each season). The remaining six study areas were sampled once during the twelve month period. Each sampling date coincided with a spring tide. The varying sampling intervals reflect the objectives of different research grants. The seasonal measurements are expressed as annual averages and combined with the single measurements to produce a contemporary training set. However, this will introduce inherent 'noise' into the data set because foraminiferal assemblages are prone to seasonal variations (Horton, 1997, in press ). Nevertheless, it is beneficial to combine both datasets because it will increase the range of contemporary coastal environments.
Fossil sediments from Theddlethorpe, Lincolnshire Marshes, UK were collected from a series of transects using a hand gouge for field description. A 50 mm diameter piston corer was used to retrieve samples for laboratory and radiocarbon analyses.
FORAMINIFERAL ANALYSIS Sample preparation and taxonomy follows Medioli (1980a), de Rijk (1995a) and Horton (1997) . Samples were stored in buffered ethanol with protein stain Rose Bengal to identify organisms living at the time of collection. Rose Bengal is extensively used to differentiate living from dead foraminifera (Walton, 1952; Scott and Medioli, 1980b; Murray, 1991) . Protoplasm is stained bright red whereas test walls and organic lining are either unstained or lightly stained. It was assumed that tests containing protoplasm are living at the time of collection. However, it was necessary to check that clusters of bacteria or other organisms using the test as a refuge do not cause red staining and, therefore, only tests with the last few chambers stained red were considered living (Murray, 1991) .
There is much debate about which assemblage constituents to use for foraminifera population studies (Scott and Medioli, 1980b; Murray, 1991) . Horton (1997, in press ) compared the foraminiferal life, death and total assemblages from Cowpen Marsh, UK over a twelve-month period to better understand their relationship. Statistical analyses indicated that death assemblages are relatively unaffected by the seasonal fluctuations apparent in life assemblages which further complicates paleoenvironmental reconstructions. Furthermore, Horton (1997, in press ) collected surface and subsurface samples from high, middle and low marsh and mudflat environments to determine which contemporary assemblage constituents are most appropriate for paleoenvironmental reconstruction. The death assemblage showed minor fluctuations between subsurface and surface samples as calcareous species were minor contributors to surface death assemblages in intertidal environments. Thus, foraminiferal death assemblages were used in this study because it was concluded that subsurface assemblages, the foci of paleoenvironmental studies, accurately represent death surface assemblages (Horton, 1997, in press ).
Foraminiferal preservation was generally very good in contemporary and fossil deposits. As a result, a minimum count of 300 tests was possible for most samples (following Patterson and Fishbein, 1989) .
ENVIRONMENTAL VARIABLES
Four environmental variables (pH, salinity, substrate and vegetation cover) were recorded from Cowpen, Welwick, Thornham and Brancaster marshes. Insufficient data were available from the remaining study areas. To characterise the foraminiferal substrate, clay fraction and loss on ignition (LOI) were measured. Surface vegetation was removed from samples prior to analysis. Clay fraction, LOI and porewater salinity analyses were performed following the methods proposed by Folk (1965) , Ball (1964) and Lambert and others (1949) , respectively. Analysis of porewater pH was completed in the field using litmus paper. The total vegetation cover (%) was recorded from a 4 m 2 area around each sampling station.
DATA ANALYSIS

The Relationship between Foraminiferal Assemblages and Elevation
This relationship was explored by canonical correspondence analysis (CCA) of foraminiferal and environmental data from Cowpen, Welwick, Thornham and Brancaster marshes. Canonical correspondence analysis is a relatively new multivariate technique which relates community composition to known environmental variations (ter Braak, 1987a; ter Braak and Verdonschot, 1995) . Canonical correspondence analysis was used to extract synthetic environmental gradients from ecological datasets. These gradients were the basis for succinctly describing and illustrating the different habitat preferences (niches) of taxa via an ordination diagram.
The independence and relative strength of the major environmental gradients were estimated using a series of partial CCAs (Borcard and others, 1992) to separate the total variation in the foraminiferal data into components which represent: i) the unique contributions of individual environmental variables; ii) the contribution of covariance between variables; and iii) the unexplained variance. The statistical significance of the partial CCAs was determined using a Monte Carlo permutation test. The CCA analyses used the CANOCO program, release 3.12 (ter Braak, 1988 .
The elevation of each station from Cowpen, Welwick, Thornham and Brancaster marshes differs with respect to tidal range and were, therefore, reconstructed as a standardised water level index (SWLI) using Equation One: 
Foraminiferal-based Transfer Functions
The second objective of this study was to express the value of SWLI as a function of a foraminiferal assemblage. This operation is termed the transfer function (Imbrie and Kipp, 1971; ter Braak, 1987a; and the construction thereof is described as calibration (ter Braak, 1987b; ter Braak and Prentice, 1988) . To expand the scope of contemporary analogues in the training set, the dataset of foraminiferal death assemblages and SWLIs from Cowpen, Welwick, Thornham and Brancaster marshes were enlarged to include data collected from six other UK coastal study areas.
Numerous transfer functions have been developed to quantitatively reconstruct paleoenvironmental variables. Some of these have a stronger ecological and/or statistical basis than others. Thus, some methods are more appropriate than others for quantifying the indicative meaning. The fundamental distinction between existing methods concerns the underlying taxon-environment response model . The amount of biological compositional turnover along the environmental gradient of interest is used to decide whether linear-based or unimodal-based statistical methods are appropriate . This was estimated using detrended canonical correspondence analysis (DCCA) with the environmental variable of interest (x) as the only environmental variable. Detrended canonical correspondence analysis with detrending by segments and non-linear rescaling provides an estimate (as the length of DCCA Axis One) of the gradient length in relation to x in standard deviation (SD) units Korsman and Birks, 1995) . If the gradient length is longer than 2 SD units several species will have their optima located within the gradient and unimodal-based methods of regression and calibration are appropriate . Detrended canonical correspondence analysis of the enlarged training set with SWLI as the only environmental variable has produced a gradient length of 3.56. This indicates a unimodal nature of the foraminiferal abundance data with respect to SWLI. Thus, unimodal-based methods of regression and calibration were used.
Foraminiferal-based transfer functions were developed using weighted averaging (WA) regression and calibration with inverse and classical deshrinking (Birks and others, 1990; Jones and Juggins, 1995; Gasse and others, 1997 ). Weighted averaging is based upon the theory that at a site with a particular environmental variable (x), species with their optima for x close to the site will tend to be the most abundant species present . A simple, ecologically reasonable and intuitive estimate of a species optimum for x is the average of all x values for sites in which the species occurs, weighted by the species relative abundance. Therefore, the optimum is a weighted average, abun-TABLE 3. The dominant foraminiferal taxa of the study areas (following Horton, 1997; Horton and others, in press (Line and others, 1994; Horton, 1997) . The transfer functions were developed using the program CALIBRATE, release 0.70 (Juggins and ter Braak, 1997) . The performance of the transfer functions was assessed in terms of root-mean square error of prediction (RMSEP) and squared correlation (r 2 ) of observed versus predicted values. Root-means square error of prediction and r 2 indicate the overall performance of the model. The former indicates prediction errors and the latter measures the strength of the relationship of observed versus predicted values. This allows comparisons among transfer functions (Gasse and others, 1995) .
Root-means square error of prediction and r 2 were calculated as both 'apparent' measures in which the whole training set was used to generate the transfer function and assess the predictive ability, and jack-knifed or 'leave-oneout' measures (ter Braak and Juggins, 1993) . Jack-knifing generates a prediction error (RMSEP jack ) which is a measure of the overall predictive abilities of the training set. However, it does not provide sample-specific errors for each fossil sample . Bootstrapping can be used to derive a standard error of prediction (SE pred ) (Birks and others, 1990; Line and others, 1994) . Standard error of prediction for an environmental variable can vary from sample to sample depending upon the composition of the fossil assemblage and the presence or absence of taxa with a particularly strong signal for the environmental variable of interest . SE pred was estimated using 1000 cycles with inverse and classical deshrinking regression. This computer intensive procedure used the program WACALIB, release 3.3 (Line and others, 1994) .
The reliability of SWLI reconstructions of fossil deposits was evaluated using a modern analogue technique (MAT) (Birks et al., 1990) . The basic idea of MAT is to compare numerically, using an appropriate dissimilarity or similarity measure, the biological assemblage in a fossil sample with the biological assemblages in all available modern samples that have associated environmental data. Having found the modern sample(s) most similar to the fossil sample, the fossil environment for that sample is inferred to be the modern environmental variable(s) for analogous modern sample(s) (Guiot, 1990; Bartlein and Whitlock, 1993; .
The dissimilarity coefficient produced by MAT for the reconstructed fossil samples indicated whether the modern training set possessed a 'good analogue' or 'no close analogue'. The SWLI was assumed to be reliable if a 'good analogue' was indicated. Conversely, the SWLI was ignored if a 'no close analogue' was indicated. The analogue matching technique was developed using the program MODERN ANALOGUE TECHNIQUE, release 1.1 .
RESULTS
FORAMINIFERAL ASSEMBLAGES
A total of 35 species exceeding 2% total dead foraminifera were identified from the ten study areas. Along the transects, foraminiferal assemblages were divided according to the geomorphological and vegetational zones (Table 3) (Horton, 1997, Horton and others, in press ).
The high and middle marsh zones are dominated by agglutinated species with a low species diversity. The assemblages are remarkably consistent between the ten study areas with Jadammina macrescens ever-present, often in very high percentages. Assemblages near the upper boundary of the study areas differ from assemblages in the rest of the high marsh samples. The highest high-marsh assemblages have rapid decreases in foraminiferal concentrations, while the percentage abundances of Miliammina fusca and Tro- chammina inflata fall, reflecting an increased abundance of Jadammina macrescens. Low marsh zones are observed at Cowpen and Roudsea marshes. The assemblages are dominated by M. fusca with low frequencies of calcareous species. The remaining marshes do not display low marsh zones that illustrates the very localised nature of some distributions.
The tidal flat zones are characterised by a high diversity of foraminifera. They are dominated by numerous calcareous species such as Haynesina germanica, Ammonia beccarii, Elphidium williamsoni and Quinqueloculina spp., though the assemblages show considerable variation between study areas.
THE RELATIONSHIP BETWEEN FORAMINIFERAL ASSEMBLAGES AND ELEVATION
The CCA sample-environment and species-environment biplots of Cowpen, Welwick, Thornham and Brancaster marshes are shown in Figure 3 . Canonical correspondence analysis axes one (eigenvalue ϭ 0.56) and two (eigenvalue ϭ 0.23) explain 39.7% of the total variance in the foraminiferal data (Table 4 ). The lengths of the environmental arrows approximate their relative importance in explaining the variance in the foraminiferal data and their orientation demonstrates the approximate correlation to the ordination axes as well as to other environmental variables. Intra-set correlations of environmental variables with axes one and two show that SWLI, vegetation cover, LOI and pH are correlated with axis one and that salinity is correlated with axis two (Fig. 3a) . Canonical correspondence analysis axis one, therefore, reflects the major gradient from high marsh plotted on the right (dense vegetation cover, high SWLI and LOI and low pH) to tidal flat plotted on the left (barren vegetation, low SWLI and LOI and high pH). Canonical correspondence analysis axis two reflects a salinity and to some extent a clay fraction gradient.
On the species-environment biplot the position of species projected perpendicularly onto the environmental arrows approximate their weighted average optima along each environmental variable (Fig. 3b) . Therefore, species characteristic of a particular environment may be identified, for example Jadammina macrescens, Miliammina fusca and Trochammina inflata (high and middle marsh: dense vegetation cover; high SWLI and LOI; and low pH) and Elphidium williamsoni and Haynesina germanica (tidal flat: barren vegetation; low SWLI and LOI; and high pH).
The six environmental variables account for 49.4% of the explained variance in the foraminiferal data (Fig. 4) . Partial CCAs show that the total explained variance is composed of 18.5% (SWLI), 9.7% (salinity), 8.9% (vegetation cover), 7.4% (LOI), 6.0% (pH) and 5.5% (clay fraction). The associated Monte Carlo permutation tests (p ϭ 0.01, 99 random permutations) indicate that all these variables are highly significant and, therefore, each of these gradients accounts for a significant portion of the total variance in the foraminiferal data.
More than half the total variation of the species data remain unexplained. Whether this is due to some overlooked factor (e.g. air and/or ocean temperature) or to a large amount of stochastic variation remains unclear. Nevertheless, the explained percentage is considerably greater than those found in many other biological datasets with a large number of samples with many zero values (Dixit and others, 1993; Gasse and others, 1995) . Partial CCAs indicate that statistically significant transfer functions can be developed for SWLI. However, the inter-correlations between environmental variables accounts for 44.0% of the total explained variance of foraminiferal data and, therefore, a transfer function for SWLI cannot be considered to be completely independent from other variables. For paleoenvironmental re- constructions, it must be assumed that the joint distribution with SWLI in the training set is the same as in the fossil set (Le and Shackleton, 1994; .
FORAMINIFERAL-BASED TRANSFER FUNCTIONS
Weighted averaging transfer functions were developed for SWLIs based on 35 species from 131 samples (Table 5) . Ordinary WA appears to perform marginally better than tolerance-downweighted WA when jack-knifed errors are considered: prediction errors (RMSEP) are lower and squared correlations (r 2 ) are higher (Table 6 ). Ordinary WA is therefore, the most appropriate method.
The relationship between observed and foraminiferal-predicted SWLI shows the relative performance of the WA transfer functions for inverse (r 2 jack ϭ 0.74) and classical (r 2 jack ϭ 0.75) deshrinking regressions (Fig. 5) . The former scatter graph has the greater accuracy in the mid-range of SWLI, while the latter has greater accuracy at high and low SWLIs. Both scatter graphs show a sigmoidal shape due to the averaging effect of the method (ter Braak and Looman, 1986) .
The optima and tolerance to SWLI of WA transfer functions have a direct ecological interpretation (Jones and Juggins, 1995) . For example, the SWLI optima of dominant calcareous species that are commonly found within the tidal flat (e.g. Haynesina germanica, Elphidium williamsoni and Quinqueloculina spp.) are between 174 and 185 (Fig. 6) . The agglutinated species which dominate saltmarsh environments (e.g. Trochammina inflata, Jadammina macrescens and Miliammina fusca) have the highest SWLIs with optima exceeding 190.
These optima can now be used to infer the SWLI from fossil foraminiferal assemblages using the calibration formula:
FIGURE 6. Foraminiferal species optima (weighted average) and tolerances (weighted standard deviation) for standardised water level index showing all taxa present in the foraminiferal training set. Mean high water spring tide is shown.
where y ik is the abundance of taxon k in fossil sample i; u k is the WA optimum for taxon k (k ϭ 1,. . ., m foraminiferal species); and initial x i is the initial predicted value of SWLI for the fossil sample i.
In WA environmental reconstructions, averages are taken twice, once in WA regression and once in WA calibration. This results in shrinkage of the range of predicted values towards the mean of the environmental gradient. The correction of this simple linear 'deshrinking' can be achieved via inverse or classical regression others, 1990, ter Braak and Juggins, 1993) . Inverse regression has the advantage of minimising RMSEP in the training set (ter Braak and van Dam, 1989) but at the cost of introducing bias at the end points (ter Braak and Juggins, 1993; Gasse and others, 1995) . Classical regression deshrinks more than inverse regression (Martinelle, 1970) and it takes values further away from the mean of the training set . Therefore, the choice of inverse or classical deshrinking regression depends upon the part of the gradient of interest.
The regression coefficients shown in Table 5 should be used to deshrink the initial values to give final estimates of the foraminiferal-predicted SWLI using either inverse deshrinking:
or classical deshrinking:
where b 0 is the intercept and b 1 is the slope of the linear regression. These results show strong and highly significant relationships between modern foraminiferal assemblages and SWLI. Transfer functions quantifying this relationship provide the means to reconstruct former sea levels from fossil foraminiferal assemblages. Bootstrapping provides a means of estimating sample-specific errors for individual fossil samples (SE pred ). FIGURE 7. Theddlethorpe, Lincolnshire Marshes, UK foraminiferal diagram. Foraminiferal abundance is calculated as a percentage of total foraminiferal tests (only species greater than 10% are shown). Reference water levels and error ranges are estimated using weighted averaging calibration. The stratigraphy is drawn according to Troels-Smith (1955) . The radiocarbon date (expressed in calibrated years BP) and MHWST are shown.
APPLICATION TO A FOSSIL SEQUENCE
The transfer function is now applied to a single sediment sequence from Theddlethorpe, Lincolnshire Marshes, UK to establish the history of changes in tidal level. The fossil sequence is characteristic of many UK paleoenvironments. Glacial diamicton is found at the base of the core (Fig. 7) . Directly overlying this is a thin, well-humified basal peat. The peat is found at a depth of 12.95 m to 12.87 m below ground surface. The peat is overlain by an olive-grey siltclay with dispersed organic remains and numerous bivalve fragments.
The core was sampled for foraminiferal analyses. Foraminiferal tests are absent in the diamicton and the base of the peat. Agglutinated species (e.g. Jadammina macrescens, Miliammina fusca and Trochammina inflata) dominate the remaining peat samples, indicating a transition from freshwater to saltmarsh peat which is supported by diatom evidence. Halophobes dominate the base of the peat and are replaced by oligohalobous and polyhalobous diatom taxa in the overlying samples (Horton, 1997) . In the silt-clay, percentage figures of agglutinated species fall, reflecting increased abundance of calcareous taxa. The abundance of calcareous foraminifera continues to increase within the siltclay which is dominated by Ammonia beccarii, and Haynesina and Elphidium species, suggesting a tidal flat environment. The transgressive contact between the peat and the overlying silt-clay is therefore characterised by a change in depositional environment from saltmarsh to tidal flat.
Standard water level indices are reconstructed using WA transfer functions. The SWLIs are subsequently back-transformed relative to OD and expressed in metres to produce a continuous curve of reference tide levels and associated indicative ranges. The back-transformation is dependent on the local tidal range. The maximum tide level (3.25 Ϯ 0.41 m OD) occurs within the peat at the radiocarbon dated sedimentary horizon (8205 to 7977 calibrated years BP; 1289 cm) and is above the modern local MHWST (3.15 m OD). The curve crosses a threshold at the transgressive contact and rapidly declines within the silt-clay to reach a minimum of 1.40 Ϯ 0.42 m OD (12.79 m). The rapid decrease in total foraminifera counted between depths of 1255 cm and 1245 cm (666 to 134 tests, respectively) is associated with a slight increase in reference water level from 1.42 Ϯ 0.42 m OD to 1.73 Ϯ 0.42 m OD. However, this may also be due to selective preservation of calcareous tests or changes in depositional rate in silt-clay unit. Matching analog technique indicates that a 'good analogue' exists for all reconstructed SWLIs which suggests the indicative meanings are reliable. Thomas and Varekamp (1991) stressed that a prerequisite of employing foraminifera to determine former sea levels is that their controlling environmental variables are established. Canonical correspondence analysis and partial CCA of the foraminiferal and environmental data from Cowpen, Welwick, Thornham and Brancaster marshes show that foraminiferal assemblages are primarily related to elevation (ca. SWLI) as opposed to other variables. These results support previous research which demonstrated that the distribution of foraminifera in the intertidal zone is usually a direct function of elevation with the duration and frequency of intertidal exposure as the most important factors (Buzas, 1969; Medioli, 1980a, 1986) . In contrast, foraminiferal distributions of the Great Marshes, Massachusetts did not relate to elevation (de Rijk, 1995a (de Rijk, , 1995b de Rijk and Troelstra, 1997) . The distributions on these marshes reflect variations in salinity and are the result not of tidal exposure, but of changes in the balance between seepage, precipitation and flooding. Cowpen, Welwick, Thornham and Brancaster marshes are ideally suited for correlations between foraminiferal abundances and flooding frequency because they both slope gently towards the sea and lack an undulating topography formed by creeks, levees and pools (features common to many other mature saltmarshes). The Great Marshes are relatively flat but possesses a more variable microtopography. Under these conditions de Rijk (1995a Rijk ( , 1995b and de Rijk and Troelstra (1997) suggested that foraminiferal distributions are controlled by local spatial and temporal changes in a number of environmental variables (notably salinity) and not elevation.
DISCUSSION
The relationship between the contemporary foraminiferal assemblages and elevation is utilized to develop a transfer function to reconstruct former sea levels. Statistical measures (RMSEP and r 2 ) imply that WA transfer functions provide reliable reconstructions of the intertidal zone. The precision of the sample-specific elevational reconstructions of the ten study areas (Table 7) varies between areas of different tidal ranges and become larger as tidal range increases. The reconstructions compare favorably with previous research. In Nova Scotia, Scott and Medioli (1980a) and Gehrels (1994) suggested that the former position of Highest Astronomical Tide can potentially be estimated to a precision of 20 cm by identifying the upper boundary of foraminiferal Zone IA (monospecific assemblages of Jadammina macrescens). Scott and Leckie (1990) suggested the precision of a high marsh zone and a transitional high marsh zone was 22 cm and 36 cm respectively, based on two transects in Massachusetts. The vertical ranges of high marsh floral and faunal zones on the Pacific coast of North America are larger than the equivalent marsh zones on the Atlantic Coast. For example, Jennings and Nelson (1992) estimated the precision of a high marsh zone to be 60 to 85 cm from Oregon Marshes. Furthermore, Williams (1989) and Patterson (1990) indicated a precision of 80 to 90 cm for their high marsh faunal zones. However, their evidence is somewhat ambiguous as the elevations were estimated from a topographic map.
The foraminiferal assemblage zones from both the west and east coasts of North America are important tools in reconstructing the history of relative sea-level change because they provide a means of recognizing narrow zones with a defined elevational relation to sea level. However, the precision of reconstructions is site and assemblage specific. This supports the inference of de Rijk and Troelstra (1997) that surface studies are an important first step in assessing the value of foraminifera as paleoenvironmental indicators. A vital advantage of the quantitative reconstruction technique developed in this study is that they are developed from numerous measurements and environments, each with differing physiographic conditions. The technique therefore, has a variety of modern analogues and is applicable on a regional scale.
The use of transfer functions has an important implication for reconstructing former sea-level changes from foraminiferal distributions. The approach provides a critical review of the established techniques used in sea-level studies. In these studies, foraminiferal data were mainly used to validate rather than reconstruct former sea level others, 1996, 1998) . As a result, the indicative meaning was defined only qualitatively by assessing the relationship between macro-fossil remains such as Phragmites roots and stems, and sediment types. Furthermore, transfer functions provide the means to produce sea-level index points from clastic sequences which have been previously ignored in sea-level studies and more importantly, are potentially valuable in establishing continuous records of relative sea-level change or sedimentation from sequences of sediments downcore (Horton, 1997) .
Caution should, however, be exercised when applying such transfer functions since several characteristics within the contemporary and fossil data may affect the accuracy of tide level reconstructions. Firstly, there is an uneven spatial sampling within the contemporary data with respect to SWLI. The majority of sites (85%) are found above a SWLI of 160 (approximately mean high water neap tide). The accuracy of the transfer function is further hindered by spatial and temporal foraminiferal variations. The magnitude of the errors are relatively high especially if measurements are taken only once or twice per year or from a single transect (Jennings and Nelson, 1992; Horton, 1997, in press ). Jennings and Nelson (1992) suggested that these results may differ by 20 to 40 cm from one transect to another. Weighted averaging transfer functions also calibrate the foraminiferal data to one environmental variable (SWLI). This may unrealistically force the influence of all environmental factors onto a single parameter and give misleading results (Le, 1992; Huntley, 1993) .
A second, potentially more serious problem is post-depositional changes of foraminiferal assemblages, particularly poor preservation of the calcareous tests within saltmarsh deposits (Scott and Medioli, 1980a; Scott and Leckie, 1990; Jennings and Nelson, 1992) . Calcareous tests can be rapidly destroyed after death through dissolution in acidic pore waters (Green and others, 1993) . Thus, samples with a poor preservation of calcareous tests violate one of the basic assumptions of quantitative paleoenvironmental reconstruc-tions (Birks and others, 1990; : the taxa in the training or calibration set and their ecological responses to the environmental variable(s) of interest have not changed significantly over the time span represented by the fossil assemblage .
Unfortunately, there are no direct methods of detecting erroneous reconstructed reference water levels. Indirect methods include identification of foraminiferal test linings (Alve and Murray, 1995; Edwards, 1998) and/or agglutinated species whose optima are low in the tidal frame (e.g. Trochammina squamata or Reophax nana). The presence of either of these constituents, in the absence of calcareous foraminifera, would suggest dissolution. However, test linings are very light and easily lost during sample preparation. Furthermore, neither of the agglutinated species are abundant in UK fossil environments (Horton, 1997, in press ). Therefore, the most important indirect method is comparison with other lithostratigraphical and biostratigraphical techniques.
CONCLUSION
(1) Canonical correspondence analysis shows a strong and highly statistically significant relationship with elevation using the training set of combined foraminiferal death distributions from Cowpen, Welwick, Thornham and Brancaster marshes. These results suggest that the distribution of foraminifera in the intertidal zone is usually a direct function of elevation with the duration and frequency of intertidal exposure as the most important factors. Partial CCAs show relatively high inter-correlation between variables and, therefore, the elevational gradient cannot be considered completely independent from other variables. This is to be expected because the other variables are dependent on the frequency of tidal flooding.
(2) The training set was enlarged with data collected from six other UK study areas to cover a greater geographical area, and biotic and environmental gradients. To facilitate comparisons between areas which have different elevations compared to the tidal frame, the elevational data were expressed as a standard water level index (SWLI). This is the function of local MTL and MHWST. A predictive transfer function was developed for SWLI using weighted averaging calibration with inverse and classical deshrinking regression. Statistical measures assessing the performance of this model suggest that precise reconstructions of former sea levels are possible. The transfer function has profound implications for developing a new generation of high-resolution sea-level reconstructions from sequences of sediments downcore.
